Asplenic individuals are known to be at increased risk of infection with encapsulated bacteria. Recent United Kingdom recommendations stated that this at-risk group should receive one dose of the meningococcal serogroup C conjugate (MCC) vaccine. However, the immune response of asplenic individuals to MCC vaccine is unknown. The immune response of asplenics (n ‫؍‬ 130) to immunization with the MCC vaccine was investigated. Asplenic individuals had a significantly lower geometric mean titer (GMT) (157.8; 95% confidence interval [CI], 94.5 to 263.3) of bactericidal antibody in serum (SBA) than an age-matched control group (n ‫؍‬ 48) (1448.2; 95% CI, 751.1 to 2792.0). However, 80% of asplenic individuals achieved the proposed protective SBA titer of >8. No differences were observed between the two groups in the serogroup C-specific immunoglobulin G geometric mean concentration. A significant reduction in SBA GMT or the number of responders achieving an SBA titer of >8 was observed if the reason for splenectomy was a medical cause or if MCC vaccination occurred <10 years after splenectomy. Individuals (n ‫؍‬ 29) who did not achieve an SBA titer of >16 were offered a second dose of MCC vaccine. Analysis of the SBA response revealed that 61% (14 of 23) of the individuals who received a second dose achieved a protective titer. In total, 93% of asplenic individuals achieved a titer of >8 following MCC vaccination (one or two doses combined). We recommend that, following vaccination of asplenics, either the level of functional antibody should be determined, with a second dose of MCC vaccine offered to nonresponders, or two doses of MCC vaccine should be routinely offered.
Asplenic individuals are at an increased risk of infection from encapsulated bacteria, including Neisseria meningitidis (9, 15) . Overwhelming postsplenectomy infection has a high mortality rate, between 40% and 70% (7) . Immunization with the 23-valent pneumococcal plain polysaccharide and Haemophilus influenzae type b (Hib) conjugate (29) vaccines is recommended for individuals with functional or anatomic asplenia. In 2001, the United Kingdom Department of Health extended this recommendation to include vaccination with meningococcal serogroup C conjugate (MCC) vaccine, although no data on immune responses are available to date for MCC vaccines in this group (6) .
Various studies have provided conflicting evidence on the immune response to polysaccharide antigens in asplenic individuals (12, 21) , and the limitations of plain polysaccharide vaccines are well documented (13, 17, 18, 29) . Meningococcal serogroup C plain polysaccharide vaccines are not immunogenic in those under the age of 2 years (13, 17) , and repeated doses can lead to hyporesponsiveness (2, 13, 18, 29) . MCC vaccines that have been shown to be highly immunogenic and to generate immune memory in all age groups from infants to adults are now available (10, (25) (26) (27) (28) (29) . MCC vaccines have been shown to be efficacious in all the age groups targeted during the vaccination campaign initiated in 1999 in the United Kingdom and elicit herd immunity (23) .
Hib conjugate vaccines have been shown to be immunogenic in children with congenital asplenia (31) , but the response to MCC vaccines in asplenic individuals is unknown. To address this issue, meningococcal serogroup C-specific immunoglobulin G (IgG) concentrations and bactericidal antibody titers in serum were assessed in splenectomized individuals before and after MCC vaccination. The effects of the reason for splenectomy, the presence of chronic illness, antibiotics, previous plain polysaccharide vaccination, and the time since splenectomy on the immune response to MCC vaccination were also analyzed.
(This work was presented in part at the Pathogenic Neisseria Conference, September 2002, Oslo, Norway.)
MATERIALS AND METHODS

Study population.
A total of 130 splenectomized individuals from South Cheshire, United Kingdom, were monitored. Details of the study population are given in Fig. 1 . Historical data from 48 age-matched individuals with functional spleens were included as the control (2) . All vaccinees were asked to complete a record form that provided information on age; the reason for asplenia; the date of splenectomy; the date of previous meningococcal serogroup A and C plain polysaccharide (MACP) vaccination; the history of meningococcal disease; present medication(s), including immunoglobulin, cytotoxic drugs, and azothiaprine; details of any chronic illness; the date of MCC vaccination; the brand of vaccine used; and the dates of blood samples taken.
Vaccines. (19) , using baby rabbit complement (Pel-Freeze Incorporated, Rodgerson, Ariz.) as an exogenous source of complement. The target strain for the assay was C11 (C:16:P1.7-1,1). ␤-Lactamase was incorporated into the serum bactericidal assay to address the possible presence of antibiotics in the samples obtained. Results are expressed as geometric mean titers (GMT) with 95% confidence intervals. An SBA titer of Ͻ4 was considered negative and assigned a titer of 2 for statistical analysis. For the purpose of this study, an SBA titer of Ն16 was considered to be protective, as at the time of this investigation the exact protective level for an SBA using baby rabbit complement was not known but was thought to be between 8 to 64 titers (3). Asplenic individuals who had an SBA titer of Ͻ16 were offered a second dose of MCC vaccine. At this visit, their antibiotic status was reviewed and travel advice was given. The protective cutoff has recently been reevaluated and proposed to be an SBA titer of Ն8 (1).
Sera were analyzed for serogroup C-specific IgG by enzyme-linked immunosorbent assay (ELISA) as previously described (11) . Results are expressed as geometric mean concentrations (GMC) with 95% confidence intervals. The lower limit of quantitation for the serogroup C-specific IgG by ELISA was 0.05 g/ml.
Statistical analysis. The asplenic group was compared to the control group by using Fisher's exact test for comparing the proportion with SBA titers of Ͻ8 and by using a Student's t test for comparing the log 10 pre-and post-MCC IgG concentrations and post-MCC vaccination SBA titers. GMTs for post-MCC vaccination SBA results and GMCs for pre-and post-MCC vaccination IgG results were calculated along with 95% confidence intervals (CI). Within the asplenic group, single-variable logistic regression was used to examine the effect of the parameters listed in the study population on whether or not the SBA titer was Ͻ8, and linear regression was used to examine the effect of the listed parameters on the log 10 pre-and post-MCC vaccination IgG concentrations and post-MCC vaccination SBA titers. The pre-MCC vaccination SBA titer could not be treated as a continuous variable in a linear regression analysis because of the large proportion of titers of Ͻ4. To examine the independent effects of variables of interest in the single-variable analysis, multivariable models were fitted with all those variables with P values of Ͻ0.1 in the single-variable analysis. Paired Student's t tests were used to compare the post-first-dose and post-second-dose responses.
RESULTS
Population data. One hundred thirty asplenic individuals were monitored, with 126 receiving Meningitec, 2 receiving Menjugate, 1 receiving NeisVac-C, and 1 receiving an unknown brand of MCC vaccine. The median age of the study population was 54 years (range, 17 to 86 years), and there were 61 females and 69 males (Fig. 1) . The median age of the control group was 47 years (range, 41 to 64 years). The median age at the time of splenectomy was 29.7 years (range, 2.0 to 84.4 years), and the median time from splenectomy to MCC vaccination was 18.0 years (range, Ϫ0.19 to 53 years). The study population included two individuals who received MCC vaccine prior to splenectomy. Thirty-nine asplenic individuals had previously been immunized with an MACP vaccine (20 individuals in the control group had previously received MACP vaccine), and the median time from MACP immunization to MCC immunization was 4.76 years (range, 0.75 to 9.2 years). A total of 103 (79%) asplenic individuals were on medication, including 62 (48%) who were taking prescribed antibiotics, two who were on azothiaprine (plus two individuals with unknown azothiaprine status), one who was undergoing cytotoxic treatment (plus two individuals with unknown cytotoxic treatment status), and two who were on immunoglobulin (plus two individuals with unknown immunoglobulin treatment status). Forty-two individuals reported ongoing chronic illness requiring treatment.
For analysis of SBA, a total of 90 prevaccination and 116 postvaccination results were available. For ELISA, a total of 90 prevaccination and 118 postvaccination results were available. The median time from MCC vaccination to the collection of the postvaccination sample was 28 days (range, 14 to 637 days). Antibody levels are known to persist for 6 months to 1 year following meningococcal vaccination (26, 27) . All those individuals with a sample taken more than 6 months following vaccination (n ϭ 5) had an SBA titer of Ն8 (range, 32 to 1,024).
Bactericidal antibody titers in serum. GMTs in SBA were significantly lower (P Ͻ 0.001) in the asplenic group (GMT, 157.8; 95% CI, 94.5 to 263.3) than in the control group (GMT, 1,448.2; 95% CI, 751.1 to 2,792.0) following MCC vaccination (Table 1 ). Multivariable analysis incorporating the pre-MCC titers gives an adjusted estimate of the reduction in post-MCC vaccination titers in the asplenic group of 83%. However, 87 of 116 (75%) of the asplenic group achieved an SBA titer of Ն16, the protective cutoff titer for this follow-up. Using the newly established serologic correlate of protection, an SBA titer of Ն8 (1), 80% of the asplenic group achieved a protective response. Twenty percent of asplenic individuals did not generate an SBA titer of Ն8 in response to MCC vaccination. One individual in the control group did not achieve an SBA titer of Ն8 (Table 1) .
The results of the single-variable analysis of factors associated with pre-and post-MCC vaccination SBA titers are shown in Table 1 . Factors not shown in Table 1 that were also looked at were the age at vaccination, medications taken, and the time from vaccination to collection of postvaccination blood, but none of these factors were found to have a significant influence on post-MCC vaccination SBA titers.
In the multivariable analysis, those who had received a previous MACP vaccine were less likely to have a pre-MCC vaccination SBA titer of Ͻ8 (P ϭ 0.035), as were males less likely than females (P ϭ 0.034). Analysis of the post-MCC vaccination titers showed that the reason for removal of the spleen and the time since splenectomy were the only parameters that remained significant or close to significant. Those who were asplenic due to a medical condition showed evidence of lower titers than those who were asplenic due to trauma (P ϭ 0.053), and those who had a splenectomy within the past 10 years were more likely to have titers of Ͻ8 than those whose splenectomy was done more than 10 years before vaccination (P ϭ 0.053).
As expected, post-MCC vaccination titers were found to depend on the titers in pre-MCC sera. On average, those whose prevaccination titer was Ն8 had a 10-fold-greater postvaccination SBA titer than those with prevaccination titers of Ͻ8 (P Ͻ 0.001). Given this fact, it is interesting that previous MACP vaccination was associated with higher pre-MCC vaccination titers but the post-MCC vaccination GMT was actually (nonsignificantly) lower in those who had received previous MACP vaccination (Table 1) .
Meningococcal serogroup C-specific IgG antibody. Geometric mean concentrations of IgG antibody to serogroup C polysaccharide were similar for the asplenic (GMC, 9.4; 95% CI, 6.7 to 13.3) and control (GMC, 13.3; 95% CI, 8.7 to 20.3) groups (Table 2) , with significant rises in GMC observed from pre-to postvaccination. In the single-variable analysis, significant differences in the pre-MCC vaccination IgG concentration were associated only with previous MACP vaccination and chronic illness (Table 2 ). Multivariable analysis revealed that only previous MACP vaccination remained significant (P Ͻ 0.001), with chronic illness no longer significant (P ϭ 0.54). The post-MCC vaccination IgG concentration was not associated with any of the factors examined.
Response of asplenic individuals to a second dose of MCC vaccine.
Asplenic individuals with an SBA titer of Ͻ16 in response to an initial dose of MCC vaccine were offered a second dose. Twenty-nine individuals had an SBA titer of Ͻ16, 25 received a second dose of MCC vaccine, and a post-seconddose blood sample was available for 23, of whom 15 received Meningitec, 7 received NeisVac-C, and 1 received Menjugate. The subgroup of asplenic individuals receiving a second dose of MCC vaccine included 16 females and 7 males with a me- . A total of 9 had a chronic illness, 9 had previously received MACP vaccination, 13 had had their spleens removed Ͻ10 years before MCC vaccination, 14 had had their spleens removed for a medical reason, and 6 had had their spleens removed due to trauma. There was a small but significant increase (P ϭ 0.005) in the serogroup C-specific IgG GMC from post-primary dose (GMC, 1.4; 95% CI, 0.8 to 2.7) to post-second dose (GMC, 2.7; 95% CI, 1.4 to 5.4). The SBA GMT significantly increased (P Ͻ 0.001) post-primary dose (GMT, 3.3; 95% CI, 2.6 to 4.3) to post-second dose (GMT, 38.3; 95% CI, 13.1 to 111.8). However, the SBA GMT was significantly lower than the overall SBA GMT after the primary dose for the asplenic and control groups. Of the 23 individuals, 61% (14 of 23) had an SBA titer of Ն8, leaving 39% (9 of 23) of the group with a functional antibody level below the protective cutoff. This group comprised seven females and two males with a median age of 61 years (range, 50 to 85 years). A total of three had a chronic illness, five had previously received MACP vaccination, seven had had their spleens removed Ͻ10 years before MCC vaccination, five had had their spleens removed for a medical reason, and two had had their spleens removed due to trauma.
DISCUSSION
The response of asplenic individuals to MCC vaccination was analyzed to determine if the absence of a functional spleen impairs the response to MCC vaccination. The level of functional antibody generated by asplenic individuals was significantly lower than that of the control group. However, 80% of asplenic individuals did achieve an SBA titer of Ն8. The extended period between vaccination and sample collection for several individuals did not account for any of the patients who failed to achieve an SBA titer of Ն8. The importance of a functional spleen in the response to polysaccharide vaccines has previously been demonstrated (4, 20) . However, polysaccharide-protein conjugate vaccines have been shown to overcome dependence upon the presence of a functional spleen (4, 14, 30) . Hib conjugate vaccines have been shown to be immunogenic in splenectomized children and adolescents (14) and in children with congenital asplenia (30) . Patients with Hodgkin's disease, a high proportion of whom undergo splenectomy, have been shown to respond to pneumococcal conjugate vaccination (5) . A significant proportion of the asplenic individuals reported here achieved a titer of functional antibody greater than the protective threshold, demonstrating that MCC vaccination can induce protective responses in this patient group, albeit at a significantly lower level than in the control group.
The reason for the impaired generation of functional antibodies by asplenic individuals may be that the spleen is the primary site for response to bacterial polysaccharides, especially a primary antibody response, which would be observed following immunization with a nonconjugated polysaccharide. A particular subset of circulating memory B cells, IgM memory B cells, has been shown to have an important role in the response to bacterial polysaccharides (16) . IgM memory B cells are absent in congenital asplenics and are severely depleted immediately following splenectomy (16) . It is thought that the IgM memory B cells are dependent upon a functional spleen for their generation and/or survival and are responsible for the T-cell-independent response to bacterial polysaccharides. Conjugation of the meningococcal capsular polysaccharide to a protein carrier converts the nature of the antipolysaccharide responses from T cell independent to T cell dependent, which may aid secondary lymphoid tissues in compensating for the absence of a spleen (4) and may stimulate a distinct subset of memory B cells, switched memory B cells, that are involved in cognate interactions with T cells in germinal centers (16) . Hence, the poor response to bacterial polysaccharides due to an absence of IgM memory B cells is bypassed, and an SBA response can be generated in the absence of a functional spleen.
It has previously been reported that asplenic individuals generated normal IgG levels in response to nonconjugated polysaccharide vaccines (1) . This response was observed in the results reported here, with asplenic individuals and the control group having comparable levels of IgG. However, the previous study did not measure functional antibody levels, and it appears that although the level of meningococcal serogroup Cspecific IgG is not influenced by the absence of a functional spleen, the generation of bactericidal antibody in serum is.
Several factors were identified as having potential to influence the response of asplenic individuals to MCC vaccination. Those individuals who had a splenectomy due to a medical condition rather than to trauma had a significantly lower SBA GMT and a greater proportion of postvaccination SBA titers of Ͻ8. The presence of a chronic illness also appeared to result in lower SBA GMT and more individuals with an SBA titer of Ͻ8. This result is perhaps to be expected, with the presence of a chronic illness exerting additional stress on the immune system. The time since splenectomy appears to influence the SBA response, with those splenectomized less than 10 years before MCC vaccination generating lower SBA titers. Interestingly, individuals who have been recently splenectomized have substantially depleted circulating memory B cells, but the switched memory B cells are replaced over time (16) . This particular subset of memory B cells may be responsible for the response to MCC vaccination and may account for the influence of the time since splenectomy on SBA responses.
High pre-MCC vaccination SBA titers resulted in a significantly higher post-MCC vaccination SBA titer. However, a previous MACP vaccination, which did result in a higher pre-MCC vaccination SBA titer, reduced the post-MCC vaccination SBA titer by 71%, an observation that is similar to that of a previous study (2) . Therefore, the positive effect of higher pre-MCC vaccination SBA titers in those with a previous MACP vaccination is cancelled out, and no overall effect of a previous MACP vaccination on post-MCC vaccination levels was observed.
It is interesting that only 62 out of 130 (48%) asplenic individuals were currently taking antibiotics despite this being a recommendation for this patient group (8, 32) . This figure appears to be low compared with that from a retrospective cross-sectional study of asplenic patients in Lothian, Scotland, where 75% of patients were being prescribed antibiotic prophylaxis (22) . However, antibiotics did not influence the response to MCC vaccination.
Those asplenic individuals who had a post-MCC vaccination SBA titer of Ͻ16 were offered a second dose. The overall SBA GMT of the group who received a second dose was still significantly lower than the SBA GMT for the control group after one dose of MCC vaccine. However, 61% of the asplenic individuals receiving a second dose achieved an SBA titer of Ն8. Overall, following two doses of MCC vaccine, 93% of the asplenic group achieved an SBA titer of Ն8.
Future studies are required to investigate immunologic memory following MCC vaccination in asplenic individuals. Such studies might then demonstrate whether revaccination with MCC was required once antibody levels declined. With tetravalent conjugate vaccines for serogroups A, C, Y, and W135 nearing licensure (24) , the immunogenicity of these vaccines will also need to be investigated for this patient group.
The current United Kingdom recommendations state that asplenics should receive a single dose of MCC vaccine, but the data described in this report suggest that either determination of circulating functional antibody following MCC vaccination and offering a second dose if required or administering two doses of MCC vaccine may be more appropriate.
